An experimental hybrid system based on an anaerobic reactor followed by three 25 stages of different constructed wetland configurations was evaluated when 26 operating under a high hydraulic loading rate (HLR = 0.27 m d -1
, considering the 27 area of the VF beds) for one year, which corresponds to four times the nominal 28 hydraulic loading rate, with the purpose of reducing the specific area required. 29
Moreover, in order to assess its buffer capacity, a major storm event was 30 simulated by increasing the HLR 10 times during 1 hour. A tracer experiment 31 was also performed to determine the experimental hydraulic retention time 32
(HRT). The system consisted of a hydrolytic upflow sludge blanket (HUSB) 33 reactor followed by two alternating 1.5 m 2 vertical subsurface flow, a 2 m 2 34 horizontal subsurface flow and a free water surface constructed wetlands 35 operating in series. The system achieved very high values of removal of solids, 36 organic matter and nutrients (82, 93, 96 and 75% for COD, BOD 5 , TSS and 37 NH 4 -N, respectively). Removal of PO 4 -P and SO 4 2-were though fairly low, of 11 38 and 10%, respectively. There was a seasonal effect in the system for 39 parameters whose removal highly depends on biodegradation, being enhanced 40 under warmer conditions (98 and 92% removal of BOD 5 and NH 4 -N in summer 41
vs. 87 and 67% removal of BOD 5 and NH 4 -N in winter). The experimental HRT 42 of the entire system was of about 38 hours, which greater than the theoretical 43
HRT (28 h). During the simulation of the storm event removal efficiencies did 44 not vary significantly from the ones obtained under normal conditions (average 45 of 83, 99 and 80% for COD, TSS and NH 4 -N removal, respectively). The system 46 showed a very good buffer capacity coping with sharp fluctuations in flow to be 47 treated, showing to be an adequate solution for wastewater treatment in small 48 communities. The specific area requirement under the long-term operation 49
showed to be as low as 2 m
Introduction
In recent years there has been a substantial progress in the implementation of 62 wastewater treatment systems around the world. The sanitation model generally 63 practiced consists of the development of extensive collection systems directing 64 wastewater into a centralized treatment plant. This has a very high cost and 65 requires a high energy demand, including procedures which are often highly 66 complex. Although in large urban areas of industrialized countries the lack of 67 space and the high flow make the use of conventional systems irreplaceable, at 68 small-scale a paradigm shift is necessary, in which a decentralized approach 69 has to predominate. This requires finding alternative technologies that present 70 great versatility and adaptability, good integration in the natural environment, 71
and costs of implementation and operation well below those produced in the 72 conventional treatment of urban wastewater. 73
In this sense constructed wetlands (CWs) represent a tool to facilitate the 74 transition to this new model. The infrastructure needed for its construction is 75 very simple and affordable, and operation and maintenance are relatively easy 76 and inexpensive. They have low or no energy consumption, low sludge 77 production, and do not require the addition of chemical reagents. In addition, 78 these systems provide habitat for wildlife and in consequence increase 79 biodiversity, thus they can be implemented to restore degraded areas. They are 80 also resilient to large fluctuations in water quality and flow, as well as air 81 temperature (Ávila et al., 2013c). Considering these treatment systems are 82 based on the knowledge of the functioning of natural systems, it is a very 83 appropriate technology for its application in developing countries since they do 84 not generate technological dependence (García et al., 2010; Kadlec and 85 Wallace, 2009). What is more, wetlands can be constructed using local 86 materials and labor, which is also a great attribute to these countries. 87
There are different wetland types depending on the flow type, which can be 88 divided into subsurface flow (which include vertical and horizontal subsurface 89 flow wetlands, depending on the direction of the flow) and surface flow (which 90 has a free water table on top of a soil). Each wetland type is especially good at 91 over 15 days in order to achieve high hydrolysis rates (Pedescoll et al., 2011a,b; Ruiz et al., 2008) . 128
However, depending on design, constructed wetlands usually require a larger 129 land area than conventional treatments. In fact, the specific area needed for 130
CWs system was estimated to be around 5-6 (Kadlec and Wallace, 2009) and suggested that the system could be capable of handling much larger loads, and 143 therefore the main goal of this study was to evaluate the treatment performance 144 of the hybrid CW system when operating under a very large HLR (0.27 m d -1
) in 145
order to reduce the specific area required. For that purpose, the system was 146 monitored during one year, and the seasonal influence was evaluated. 147
Additionally, in the present study a major storm event was simulated and its 148 impact on treatment capacity was assessed. What is more, in order to estimate 149 the hydraulic retention time a tracer experiment was conducted. Finally, this 150 treatment plant was previously operated with an Imhoff tank as a primary 151 treatment, but replaced by a HUSB reactor during this study period, so as to 152 test whether it had a higher retention of solids. 153 154
Materials and methods 155

Description of the treatment system 156
Environmental Engineering of the Universitat Politècnica de CatalunyaBarcelonaTech, Spain). This experimental plant consisted of a stirred storage 160 wastewater tank, originally followed by an Imhoff tank but replaced by the time 161 of this study by a HUSB reactor. This was followed by two VF CWs working in 162 parallel, one HF wetland and, finally, one FWS wetland in series (Fig. 1) . In order to ensure the desired concentration 215 from the beginning, this storage tank was emptied before the test started. 216
The tracer test started when the storage tank where the tracer was injected was 217 filled up with HUSB effluent. To achieve a good tracer curve, tracer test was 218 carried out continuously during 36 hours. Sampling details are explained in 219 Section 2.4. 220 characteristic phenomenon of tropical areas, was simulated in the treatment 224 plant. The aim was to assess the appropriateness of the system for tropical 225 climate regions, given by its robustness and buffer capacity to hydraulic 226 overloads. Note that the first-flush event which typically follows a storm event 227
after a dry period caused by the dragging of solids from sewerage system was 228 not reproduced in this experiment, and instead just the hydraulic loading rate 229 was increased. 230
The heavy rainfall was simulated by increasing the inflow 10 times during 1h, 231 through mixing the usual wastewater flow with tap water. The treatment plant 232 had to be adapted accordingly, and the two peristaltic pumps that feed the HF 233 and the FWS were changed by two centrifugal pumps (Damova, Barcelona, value, another sample was taken the following week and a purge was done. 260
Samples to measure solids within the HUSB reactor were taken from taps 1 to 261 4, 6 and 8. 262
For the evaluation of the major storm event, samples were taken at the effluent 263 of each treatment unit. The first sample was taken just before the beginning of 264 the storm (t=0) and immediately after (t=1) and then samples were taken hourly 265 during 9 hours. These samples were analyzed for organic matter (BOD 5 , COD), 266 TSS and NH 4 -N. Onsite measurements of pH and E H were also taken at the 267 time of sample collection. expected from the mode of operation of VF wetlands, fed intermittently, which is 299 expected to cause slight deflections in the curve (Schwager and Boller, 1997) . 300
The crucial point is to reach the asymptote. 301
The tracer test is an indicator of the actual hydraulic retention time of the plant, 302 from the distribution tank before the VF wetlands to the outlet of treatment plant. 303
In this way, results show that wastewater takes about 31 hours to flow through 304 VF, HF and FWS wetlands. Considering the HRT of the HUSB (7.5 h), it can be 305 stated that the experimental HRT of the treatment plant is about 38 h, which is 306 greater than the theoretical HRT (28 h). shown in Table 2 . 313 As previously observed, E H values in the raw wastewater (+95.6 ± 82.7 mV) 314 were high in our experiment due to prolonged stirring of the water in the influent 315 (12 ± 48%) in the HF bed, and slightly higher in the FWS wetland (34 ± 52%).the final effluent (7.7 ± 6.8 mg L similar to those obtained when the plant operated at the nominal HLR, whose 386 values were 22% and 0% in the HF and FWS wetlands, respectively. The fact 387 that a higher denitrification took place within the FWS wetland in this study 388 could be owed to the fact that the system was more mature, and had more 389 organic matter content provided by the accumulated plant dead material, which 390 would make a more complex unit with a predominantly anaerobic environment. 391
In general, the system discharged a large amount of nitrates that could be 392 reduced by introducing a recirculation up to the VF bed or the HUSB reactor 393
(Ayaz et al., 2015). 394
There was no retention of PO 4 -P along the treatment system. In fact, there was 395 an increase of orthophosphate within the HUSB reactor due to the hydrolysis of 396 organic P, and this remained constant throughout the system (Table 2) , 397 presumably due to the maturity of the system and the low HRT given the high 398 HLR applied. A similar tendency was observed for the concentration of sulfates, 399 where little elimination occurred, which mostly occurred within the HUSB reactor 400
given the anaerobic conditions (Table 2) The evolution of TSS concentrations at each stage of the system under the 468 simulated major storm episode is really similar to that of COD (Fig. 4) . .
492
Overall removal efficiencies of the treatment system under this rainfall event 493
were on average of 83%, 99% and 80% for COD, TSS and NH 4 -N, respectively. 494
Note that samples were also taken the following day to this experiment and 495 values fell within the range of those reported under normal conditions in Table  496 2. 497
Moreover, it was also important to study the response of the HUSB reactor 498 sludge blanket to the heavy rain episode. Despite of the increased flow, the 499 HUSB did not seem to lose much sludge, and this happened at the beginning of 500 the experiment when the HLR was ten times larger than usual. VSS 501 concentrations of its effluent were measured the day before and the day after 502 the test, resulting in 9 g/L and 7 g/l respectively, and the following week the 503 concentration was stable again (10 g/L). 504
To sum up, the removal efficiencies of the treatment plant did not vary 505 significantly from the ones obtained under normal conditions and the hybrid 506 system showed a good efficiency during the storm experiment. The 507 contaminants concentration seemed to return to the normal average ones for 508 some units around 7 hours after the storm event had finished (i.e. HUSB, VF 509 CW). On the other hand, for HF and FWS CWs fairly constant concentrations 510 were observed. The system has proven to be robust and able to handle on 511 heavy rain episodes, which makes it a suitable water treatment engineering
Conclusions 515
In this study, the long-term performance, as well as the seasonality, and the 516 impact of a major storm event of a hybrid wastewater treatment system based 517 on an anaerobic reactor followed by three stages of constructed wetland types 518 at experimental scale was evaluated. 
SO 4
2-were though fairly low, of 11 and 10%, respectively. As expected, the 524 passage of the wastewater through the HUSB reactor in general increased 525 concentrations of BOD 5 and NH 4 -N due to hydrolysis. However, the retention of 526 TSS within the HUSB reactor was rather low (30%), showing a much poorer 527 performance than the Imhoff tank implemented in previous phases (85%). In 528 this sense, the use of an Imhoff tank as a primary treatment to the constructed 529 wetlands is highly recommended due to its superior performance, simplicity and 530 reliability of operation. 531
These removal efficiencies showed seasonality for some parameters, finding 532 higher values in summer (98 and 92% for BOD 5 and NH 4 -N, respectively) than 533 in winter (87 and 67% for BOD 5 and NH 4 -N, respectively). Ammonium nitrogen 534 was the parameter which was the most affected by environmental temperature. 535
The experimental hydraulic retention time (HRT) of the hybrid system was 536 observed with a tracer test. The measured HRT of the entire system was of 537 about 38 h, which is importantly larger than the theoretical HRT of 28 h. The 538 experimental system showed a good performance and a very good buffer 539 capacity under extreme rainfall events. During the experiment which simulated 540 a major storm event (which increased the HLR 10 times during 1 hour) removal 541 efficiencies did not vary significantly from the ones obtained under normal 542 conditions (average of 83, 99 and 80% for COD, TSS and NH 4 -N removal, 543 respectively). In such episode, firstly contaminants concentrations decreased;CWs remained fairly constant throughout this assay. Moreover, the sludge 547 within the HUSB could handle on the increased flow. Thus, it was proved that 548 the system can cope with sharp fluctuations in flow to be treated. 549
In conclusion, the hybrid system based on anaerobic reactor followed by three 550 constructed wetlands in series showed to be a robust technology for wastewater 551 treatment under high HLRs and under punctual heavy rainfall, showing to be an 552 adequate solution for wastewater treatment in small agglomerations and 553 decentralized areas, especially in warm climate regions. The specific area 554 requirement under the long-term operation showed to be as low as 2 m 2 /PE. 555
Note that this treatment system should be operated during a longer period of 556 time in order to observe any possible clogging development in the wetland 557
units. 558 559
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